The first reaction in pyrimidine and arginine biosynthesis in Escherichia coli is catalyzed by a single enzyme, carbamoyl-phosphate synthetase (EC 6.3.5.5), the product of the carAB operon. Expression of this operon is cumulatively repressed by arginine and pyrimidines. The nucleotide sequence of the carAB control region was determined and transcriptional starts were localized. Two adjacent promoters, 70 base pairs apart, appear to be used in vivo, the downstream one overlapping a typical arginine operator. The absence of any attenuation-like sequence excludes such a mechanism for pyrimidine-mediated repression. Various fragments of the carA promoter-proximal region were fused in vitro with the lacZ gene. Results obtained with these fusions indicate that (i) translation of the carA gene can be initiated in vivo without an AUG codon but very likely with an UUG or an AUU codon; (ii) the carAB downstream promoter is repressed by arginine; and (iii) the carAB upstream promoter is repressed by pyrimidines and subject to stringent control. When carried by a multicopy plasmid the carAB control region escapes repression by arginine and pyrimidines. The existence of a pyrimidine repressor, present in limiting amounts in the cell, is therefore postulated.
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A X bacteriophage carrying the Escherichia coli dapB gene, one of eight loci involved in lysine biosynthesis (1) , has been isolated in our'laboratory (2) . After transfer to a plasmid, the dapB gene was subcloned as a 2.3-kilobase fragment and completely sequenced (unpublished data). Downstream of the dapB coding sequence a large open reading frame was found, preceded by strong putative transcriptional signals. Using another dapB transducing phage, Mackie (3) had independently shown that this region codes for a 48,000-dalton polypeptide, which he subsequently proposed (4) to be the product of the carA gene, the closest locus on the E. coli genetic linkage map (5) . This gene is part of the carAB operon (6) ; it encodes the light subunit of carbamoyl-phosphate synthetase (glutamine hydrolyzing) (EC 6.3.5.5), an enzyme catalyzing the synthesis of carbamoyl phosphate, the common precursor of pyrimidines and arginine (7) . Its expression is cumulatively repressed by arginine and pyrimidines (8) through a transcriptional mechanism (9) involving the arginine repressor (10) . Some of our data were consistent with Mackie's hypothesis, which was fully confirmed by unpublished work from N. Glansdorff and A. Pierard's laboratory (see ref. 11) . This paper describes experiments performed to explain the molecular basis of the carAB operon double regulation.
MATERIALS AND METHODS
Bacterial Strains and Media. E. coli strains used in this work are MC4100 (araD139, AlacU169, rpsL, thi, relA) (12) and its isogeneic derivatives RM4102 (relA+) (13) and RDB22 (relA', dapB) (2) . Cultures were grown in minimal medium 63 (14) supplemented with 0.5% glucose and, when specified, with L-arginine (100 Ag/ml) or uracil (50 jxg/ml) plus cytidine (100 jig/ml). Isoleucine starvation was induced by addition of valine (400 ,ug/ml) to an exponentially growing culture (OD6w = 0.5); bacteria were harvested 1 hr after valine addition (15) . To ensure retention of plasmids ampicillin was used at a final concentration of 50 ,.g/ml.
DNA Manipulations. Plasmid purification, DNA fragment isolation, restriction, ligation, and transformation were as previously described (16) . DNA sequencing was done according to Maxam and Gilbert (17) . Products of the chemical degradation reactions were analyzed on the ultrathin denaturating gels of Sanger and Coulson (18) . Transcriptional starts were determined by using SI nuclease (Boehringer Mannheim) or reverse transcriptase (a gift from M. Yaniv) as described by Debarbouille and Raibaud (19) .
Construction of carA-lacZ Gene Fusions. A 339-base-pair (bp) Sau3A fragment and a 269-bp HincII/Sau3A fragment were purified from plasmid pDB14 (unpublished) and subcloned in the pMC1403 vector (20) opened, respectively, with BamHI (plasmid pDB141) or BamHI and Sma I (plasmid pDB142). After transformation of strain RM4102, lactose-utilizing colonies were selected on indicator plates. Plasmid DNA was purified and the presence of the desired fragment in the right orientation was checked by restriction analysis.
In the course of pDB141 construction the carA fragment has been introduced 10 bp downstream of an EcoRI site (20) . A 272-bp EcoRI/Hae III fragment carrying the whole carA control region was then purified and subcloned between the EcoRI and Sma I sites of pSKS107 (20) , a vector in which the lacZ reading frame was fitting with that postulated from carA sequencing data. The resulting plasmid, pDB144, was purified and sequenced through the carA-lacZ junction region.
carA-lacZ fusions carried by plasmids pDB141 and pDB142 were made single copy by in vitro recombination with X bacteriophage DNA. In both cases the EcoRI/Sac I fragment encompassing the carA control region and the proximal part of the lacZ gene was inserted between the left arm of Xnav8-5 up to its Sac I site in lacZ (a Xplac5imm2l derivative; M. Springer, unpublished) and the right arm of Xgt4 from its EcoRI site at 54.3% (21) . This cloning reconstitutes a complete lacZ gene. After in vitro packaging (21) and infection, recombinant phages were selected as blue plaques on plates containing 5-bromo-4-chloro-3-indolyl ,B-D-galactoside. They were purified and grown; their DNA was extracted (21) few lysogens to select for the single lysogens, which were kept for further studies.
Enzyme Assays. Enzymatic determinations were made from cell-free crude extracts. p-Galactosidase was assayed according to Miller (14) , the activity being expressed as nmol of o-nitrophenol produced per min. ,-Lactamase activity was measured according to Novick (22) and used to follow variations of the plasmid copy number.
RESULTS
DNA Sequence of the carAB Promoter Region and Mapping of the Transcriptional Starts. The nucleotide sequence of the 797 bp following the dapB stop codon was determined as described in Fig. 1 . This sequence, given in Fig. 2 , is the same as that of the equivalent region studied by Piette et al.
Sau3A
50 (11) . A striking feature of the first 300 bp is their richness in A-T pairs, with a global proportion of 70%. A short inverted repeat containing four G-C base pairs is found at position 71-95, followed by a run of T nucleotides; this sequence could play a role in the termination of transcription of the dapB gene (23) .
Further downstream, several regions show strong homology with the consensus sequences of RNA polymerase recognition and binding sites (23) . To check if this DNA fragment is actually transcribed in vivo and to localize precisely the corresponding mRNA start, we performed S1 nuclease mapping and primer extension experiments. RNA was isolated from a dapB strain harboring plasmid pDB11, a pBR322 derivative carrying a 3.4-kilobase bacterial insert encompassing the whole region analyzed in Fig. 2 . After hybridization with the 54-bp Hpa II/BgI I or the 315-bp Hpa II/Sau3A fragments labeled at their Hpa II 5' termini (see Fig. 1 ), the heteroduplex mixtures were respectively treated with reverse transcriptase or S1 nuclease. Fig. 3 shows the results of these mapping experiments along with the fragments generated by the chemical sequence analysis performed on the Hpa II/Sau3A probe. Comparison of the results obtained with both methods allows unambiguous localization of two kinds of transcripts, a major one starting at position 374 and a minor one beginning at positions 444-445. These data identify two promoters whose sequences are in good agreement with the consensus one (23) Fig.  2 ).
: P1 (T-T-G-A-C-T-17 bp-C-A-G-A-A-T) and P2 (T-T-G-A-T-T-18 bp-T-A-A-T-A-T) (see
Inspection of the nucleotide sequence surrounding these two promoters reveals the presence of an 18-bp region similar to the operator site found in several promoters controlled by the argR product. Compilation of the available data (25, 26) :..
leads to a canonical "arg box" A-A-T-G-A-A-T--AT-T T
Mapping of the 5' end of carAB transcripts. After hybridization with mRNA from strain RDB22/pDB11 and treatment with reverse transcriptase (RT) or S1 nuclease (Si), the DNA probes indicated in Fig. 1 were analyzed on a 7% polyacrylamide gel in the presence of 8 M urea. Part of the initial large probe was submitted to chemical reactions specific for purines (A+G) or pyrimidines (C+T) according to the Maxam and Gilbert procedure (17) . A 1.5-nucleotide correction has been made between the sequence ladder and the products of enzymatic reactions (24) .
N-A-T-N-C-A-N-T; a good fit can be found with a sequence overlapping the -10 region of the P2 promoter, between bp 425 and 442 (Fig. 2) . In addition, an almost perfect "halfbox" is observed 7 bp further downstream (from ordinate 450 to 459). These data are in good agreement with the identification of this region by Piette et al. (11) HaelII of the carAB operon whose transcription is controlled by the argR product.
An attenuation mechanism has been demonstrated to mediate the pyrimidine control ofpyrBI expression (27) and was recently suggested for regulation ofpyrE expression (28) . No attenuator-like region (p-independent transcription termination site associated with a short translatable reading frame) can be found in the sequence given in Fig. 2 . This suggests that such a mechanism is not involved in repression of carAB expression by pyrimidines.
Conversely, one may notice a G+C-rich region preceding the transcriptional start of the P1 promoter. Such a sequence found in promoters negatively controlled by guanosine tetraphosphate (ppGpp) (29) is also present in pyrBI (27) and could be correlated with the response of this operon to the stringent effect (30) . No such control has yet been described for the carAB operon.
Translational Start of the carA Gene. mRNAs initiated at the P2 promoter contain a reading frame without any stop codon from their 5' end to the Cla I site. A single ATG codon is found at position 579 but is not preceded by any ribosome binding site (31) . Because the amino-terminal sequence of the carbamoyl-phosphate synthetase light subunit is not known, we used an indirect approach to localize the carA translational start site. Plasmid vectors have been devised (20) in which the initial part of the lacZ gene is missing and can be replaced in vitro by the promoter, translation initiation site, and amino-terminal codons of another gene. Such constructions led to the in vivo synthesis of chimeric proteins with ,B-galactosidase activity. Two DNA fragments carrying both promoters P1 and P2 and part of the previously discussed open reading frame were purified and subcloned in plasmids allowing in-frame fusions with the lacZ gene (see Fig. 4 and Materials and Methods for details of construction). One of these fragments carried the unique aforementioned ATG triplet (plasmid pDB141), whereas the other did not (plasmid pDB144). Both plasmids conferred a lactoseutilizing phenotype to transformed bacteria and ensured similar levels of 8-galactosidase synthesis (data not shown). These results indicate that translation can start in vivo upstream of the Hae III site at position 528 in Fig. 2 , without an AUG codon. Since a strong ribosome binding site, G-G-A-G-G, is found at positions 464-468, it appears very likely that translation is initiated 5 to 8 nucleotides downstream, with an UUG or an AUU triplet. The following open reading frame (11) would then allow the synthesis of a 41,200-dalton polypeptide, in good agreement with the size previously determined for the carA product (7). Such unusual initiation codons have already been found in E. coli (32, 33) and their efficiency has been discussed (33 Expression and Regulation of carA-lacZ Fusions. To evaluate the respective role of P1 and P2 promoters on expression and regulation of the carAB operon, we constructed pDB142, a plasmid carrying another carA-lacZ fusion in which the Pi promoter was partially destroyed. We took advantage of the overlap between the -35 region of P1 promoter and a cleavage site for restriction enzyme HincII (Fig. 2) . Blunt-end ligation between this HincIl site and a Sma I site present in the pMC1403 vector replaced the highly conserved T-T dinucleotide of the P1 -35 region by C-C, ar event presumed to strongly damage P1 activity (see Fig. 4 ). As shown in Table 1 , plasmid pDB142 allows only about 20%
of the /-galactosidase synthesis observed with plasmid pDB141. This residual synthesis presumably reflects the P2 promoter's own activity. Since carAB expression is cumulatively repressed by pyrimidines and arginine (8) we measured the ability of plasmids pDBi41 and pDB142 to direct ,-galactosidase synthesis under different growth conditions. In either case, no significant regulation could be observed (Table 1) . Both fusions were then integrated into the chromosome after in vitro recombination with suitable X bacteriophage vectors. Regulatory studies were performed and appear in Table 1 . When only the P2 promoter is active (Xcarl42), an 80% repression of,-galactosidase synthesis is observed in the presence of arginine, while pyrimidines have no effect. When both Pi and P2 are functional (Xcarl41) the synthesis of p-galactosidase is repressed by arginine and by pyrimidines, their effects being additive. The same absolute decrease is observed whether arginine is added to minimal medium or to medium supplemented with pyrimidines; it is roughly equivalent to the reduction obtained when only P2 is active. The same absolute decrease is observed whether pyrimidines are added to minimal medium or to medium supplemented with arginine; it may be calculated as 50% of the P1 promoter's own activity.
The DNA sequence of the P1 promoter indicates that P1 expression could be subject to stringent control (29) . This hypothesis was tested as was done by Turnbough for pyrBI (30) : isoleucine starvation was induced by addition of valine to the culture medium. In a relA+ strain, these conditions lead to an important increase in the intracellular concentration of ppGpp. Similar results were obtained with chromo- somal or plasmid-borne carA-lacZ fusions (see Table 2 as an example): addition of valine markedly reduced 8-galactosidase synthesis but only in a relA+ strain and when an active P1 promoter was present. The observed reduction of P1 activity (about 43%) is very similar to that noted for pyrBI expression (30) .
DISCUSSION
Determination of the nucleotide sequence of the carAB control region is a first step towards a better understanding of the multiple regulatory mechanisms involved in biosynthesis of carbamoyl-phosphate synthetase. mRNA hybridization experiments disclose two transcriptional starts used in vivo. A similar situation has been described for pyrBI, the operon controlling the next step in pyrimidine biosynthesis (27, 34) . In that case the physiological role of two distinct promoters remains obscure, since the repressive effect of pyrimidines appears to be exerted downstream of both transcription initiation sites, by an attenuation mechanism (27) . Conversely, the existence of tandem promoters independently regulated could explain the cumulative repression of carAB expression by pyrimidines and arginine. Such an organization has been demonstrated to govern the complex regulation of the E. coli deo operon by nucleosides and deoxynucleosides (35) . This hypothesis is strengthened by the overlap between carAB downstream promoter, P2, and a typical arginine operator site. But no attenuator-like structure can be found between P1 and P2 (or beyond P2), thus giving no indication about the site or the mechanism of pyrimidine-mediated repression.
To answer these questions, we constructed in vitro two different carA-lacZ fusions with or without an intact P1 promoter. Once integrated into the chromosome, these fusions followed the carAB regulatory pattern. The P2 promoter (which represents about 30% of the total activity) is specifically repressed by arginine, as expected from the presence of an "arg box," whereas the P1 promoter is repressed by pyrimidines. On the contrary, when carried by multicopy plasmids, these promoters escape repression by arginine and pyrimidines. This could be due to some topological constraints in supercoiled plasmids that would hinder the binding of regulatory proteins to their operator sites. Alternatively, the arginine repressor, the argR product, and a putative pyrimide repressor could be titrated out by the multicopy plasmids, if their concentration in the cell is low enough. The latter interpretation is in good agreement with the previous observation that the presence of a large number of carAB copies leads to derepression of aspartate transcarbamoylase (EC 2.1.3.2), the pyrBI product, and of ornithine carbamoyltransferase (EC 2.1.3.3), the product of two argR-controlled genes, argF and argl (36) .
Examination of the nucleotide sequence surrounding carAB P1 promoter reveals the presence of a partially repeated 15-bp sequence in two critical regions as regards the mRNA start (taken as ordinate + 1): A-A-A-A-T-C-C-C-G-C-C-A-T-T-A (-52/-38) and A-G-A-A-T-G-C-C-G-C-C-G-T-T-T (-11/+4). A more degenerate version may also be found between the two RNA polymerase recognition signals, C-T-T-T-T-A-G-C-G-C-C-C-A-T-A (-31/-17). It may be significant that variations of the same sequence appear in the pyrBI regulatory region (27, 34) , one being found in the middle of the upstream promoter region (not precisely defined), C-A-C-A-C-T-C-C-G-C-C-C-T-A-T, and two others around the downstream promoter, A-T-G-C-T-T-G-C-G-C-C-G-C-
T-T (-39/-25) and A-T-A-A-T-G-C-C-G-G-A-C-A-A-T (-12/+3
). All these sequences are derivatives of an "ideal" sequence A-T-A-A-T-N-C-C-G-C-C-C-T-T-T that could participate in the recognition of pyrimidine-sensitive promoters by the putative repressor discussed previously. It has not been sought upstream of the pyrE coding sequence (28) In addition, regulatory studies performed with various carA-lacZ fusions have shown that carAB expression is subject to stringent control. This control is exerted whether the carAB regulatory region is carried by a multicopy plasmid or integrated into the chromosome, a quite different situation from that observed for arginine and pyrimidine repression. f3-Galactosidase synthesis is decreased after isoleucine starvation. This regulation is observed only in a relA' strain, which indicates a connection with variations of the internal pool of ppGpp. Comparison of results obtained with different fusions shows that the repressive effect of ppGpp specifically controls the P1 promoter activity. This is in agreement with the presence of a G+C-rich region preceding the corresponding mRNA start, a sequence found in other promoters negatively affected by ppGpp (29) . Therefore stringent control is exerted upon at least two genes involved in RNA precursor biosynthesis, pyrBI (30) and carAB. In the latter case, tandem-promoter organization has allowed two distinct regulatory patterns to be superimposed, ensuring fine tuning of the carAB operon according to its dual role in cell metabolism.
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